Characteristics and statistics of seismic tremors occurring during April 2015 were investigated by using short-period and broadband seismographs deployed at Syowa Station (SYO), in the Lützow-Holm Bay (LHB), East Antarctica. In order to examine a relationship between surface environments in particular cryosphere variation, the MODIS satellite images were utilized for comparison with the detected tremor events. Since a large volume of sea-ice was discharged during the April, together with several large icebergs passed through from the west to the east at northern edge of the fast sea-ice of LHB, it was expected to detect seismic tremors involving cryospehre dynamics. During the month, a total number of 49 tremor events including short duration ice shocks were identified. Majority of the events (N = 39) had their duration times more than 15 minutes, which were divided into both tremors and ice shocks on the basis of experienced definition at SYO. Cryospheric sources recorded by seismic tremors were classified into several origins (collision, calving, crevassing, crashing, etc.): "crevassing events" along the large cracks inside the fast sea-ice in LHB (04 April), "discharge events" of fast sea-ice from the Bay (07 April), "collision events" between iceberg and the edge of fast sea-ice (14 April), "crashing movement" between fragmentation of fast sea-ice and packed sea-ice (18 April), and other origins. In particular, strong amplitude tremors with harmonic overtones were assumed to be occurred independently from whether condition, because these overtone tremors were identified at less stormy days by comparison with infrasound data at SYO.
Introduction
Several kinds of ice-relating seismic waves, here we say "cryoseismic" signals, have been studied in many local areas of Antarctica in last two decades before and after the International Polar Year (IPY2007-2008). During the IPY, the "Polar Earth Observing Network (POLENET)" was the largest contributions to establishing seismic and geodetic networks within the whole Antarctic continent as well as Greenland [1] . Ice-related seismic events with small magnitude have generally been called as "ice shocks" or "ice quakes" and can be generated by cryosphere relating dynamics. These cyoseismic sources can be classified into several kinds; that is, the movements of ice sheets, sea-ice, oceanic tide-cracks, oceanic gravity waves, collision of icebergs and the calving fronts of ice caps, etc.
[2] [3] [4] [5] [6] [7] [8] .
As well as in Antarctica, cryoseismic signals were reported in particular associated with calving events of large glaciers in the Arctic [9] [10] [11] . Moreover, it is found that recently tide-modulated ice flow variations enhanced the seismicity near a calving front of Bowdoin Glacier, Greenland [12] . Some of these cryoseismic events, on the contrary, have a possibility that they include usual earthquakes, such as local tectonic events associated with faulting systems in the upper crust, volcanic activities, and glacial isostatic rebound movement.
However, these cryoseismic dynamics are considered strongly involving surface environmental changes and evolution, and their space-time variability provide a proxy for monitoring climate change in polar region.
Cryoseismic activities around Syowa Station (SYO; 69S, 39E), in the Lützow-Holm Bay (LHB), Eastern Dronning Maud Land, East Antarctica, have been studied in past two decades ( Figure 1 ). Local seismicity including cryoseismic signals around SYO were determined along the coast and edges of fast sea-ice in LHB [13] . These cryoseismic sources were estimated as the calving of glaciers, sea-ice movements, collision between icebergs based on their hypocentral locations. Sea-ice involved dynamics in offshore of LHB had also been excited the cryoseismic harmonic tremors. A large volume of fast sea-ice discharged in 1997 winter, and was clearly recorded by the seismographs at SYO [14] as a few tens of hour durating tremors with non-linear harmonic overtones.
Recently found tremors around LHB for the period from October 2014 to
March 2015 were demonstrated in terms of surface envieronment by cryosphere evolution. A clear relationship between sea-ice conditions and iceberg dynamics was identified by comparison with MODIS satellite images [15] . In addition, statistics of the number of these tremors was investigated by comparing meteorological data at SYO for the same six months' of duration from October 2014, so as to reveal details of occurrence mechanism of these seismic tremors [16] . A total M. Kanao et al. Figure 1 . Distribution of seismic and infrasound stations around the Lützow-Holm Bay (LHB), East Antarctica. Three-component short-period and broadband seismographs have been operated at Syowa Station (SYO). Infrasound tripartite array stations have also been deployed at SYO in Ongul Islands and S16 site on the continental ice sheet. In addition, portable broadband seismographs and single infrasound sensors have been deployed at several sites along the coast of LHB.
number of 148 events including short-time duration ice shocks were identified. Statistics of the number of these tremors indicated that many of them occurred during the period of large increase in temperature and/or wind speed. In contrast, tremors of harmonic overtones with large amplitudes occurred independently from the other majority types of events (i.e, non-linear, small amplitude and weak signals), and had interpretation as the repetitive sources suggesting inter-glacial asperities such as collision of icebergs and fast sea-ice.
Following these previous studies in LHB, in this paper, characteristics and statistics of seismic tremors occurring during one month of April 2015 were especially studied by using seismographs deploying at SYO. To investigate a relationship between surface environments around the LHB in particular cryosphere dynamics, the MODIS satellite images were used for comparison with the seismic waveforms for each tremor events. Since a large volume of sea-ice was discharged during the month, moreover, several large icebergs had been passed in the northern edge of the Bay, it is expected to merge an interesting relationship between occurrence of seismic tremors and surrunding cryospehre environment.
Seismic Tremors and Sea-Ice Environment
During one month of April 2015, a total number of 49 tremor events including short duration ice shocks (ice quakes) were identified in both short-period (HES) and broadband seismographs (STS-1) at SYO ( observation at SYO and teleseismic detectability is given by [17] ; auto-monitoring system for both the seismographs at SYO is also written in [18] . Majority of the events (N = 39) had their duration times more than 15 minutes, which were the experimental definition for dividing tremors and ice shocks around the LHB [17] [18] . In the followings, characteristic waveforms of representative tremors and ice shocks are demonstrated along the time-line on April 2015, dividing into six different date groups. In order to evaluate the relationship between surface environmental changes in the vicinity of LHB particularly cryosphere dynamics, the MODIS satellite images (provided by NASA) were utilized for comparison with the waveform data and spectral densities for each tremor events. It is noticed that each sentence in this paper treats the year on 2015 without any special notification.
01-04 April 2015
From a MODIS satellite image around the LHB on 01 April (Figure 2 (a)), in spite of sea-ice condition in offshore of SYO was not clear because of thick clouds spreaded over the area, large cracks having east-to-west orientatoin were identified inside the LHB. The cracks had been spreading out during the succeeding a few days, therefore a separaiton of the northern part of fast sea-ice from the remained southern part of the Bay was recognized in the MODIS image on 04 April ( respectively. Harmonic tremors with downward dipping frequency contents at around few Hz were identically found around 10:30-12:00 UTC for all components of both the seismographs. These harmonic tremors were considered to be originated by "crevassing events" along the large cracks inside fast sea-ice of LHB.
07-11 April 2015
On the basis of MODIS satellite images, a massive volume of fast sea-ice in northwestern part of LHB was discharged on 07 April, resulted in spreading out the open sea area in the middle of the Bay (Figure 3 . These tremors were considered to be originated by the "crevassing events" inside fast sea-ice of the Bay.
(one third area) of fast sea-ice in the northwestern part of LHB had been discharged, resulted in increasing the open sea area in the middle of the Bay (Figure 3(d) ). Three large icebergs were recognized in the northern open sea area of the Bay, which had been drifted from the eastward offshore of Enderby Land to LHB.
14-15 April 2015
On 14 April, an iceberg (the same one of the middle portion in Figure 3 Figure 4 (a)) had already collided with the edge of fast sea-ice in LHB and migrated westward from the position in Figure 4 (a). Almost half of the fast sea-ice had been discharged until the day. International Journal of Geosciences during these six hours for all components of both seismographs. These tremors were concidered to be generated by "collision events" between the iceberg and the edge of fast sea-ice of LHB. At next day on 15 April (Figure 4(d) ), an iceberg (the same of the middle one in Figure 3(d) , and the same one in Figure 4 (a)) had already collided with the edge of fast sea-ice of LHB and migrated westward from the position in Figure 4 (a). Almost half of the fast sea-ice had been discharged until the day.
18-19 April 2015
On 18 April, an iceberg (the same as of the middle one in Figure 3 The colored circles are the source location estimated by infrasound arrays deploying at SYO and S16 (red triangles) during one day on 18 April (modified after [19] ). Colors of the source location circles correspond the source origin time from the beginning of the day (from blue, green, yellow and orange). These events appeared to be generated by the "crashing movement" between fragnemtation of fast sea-ice and packed sea-ice, together with "calving events" of glaciers/ice-streams at the edge of continental ice-sheet. (c) MODIS satellite image around LHB on 22 April, 2015. As the clouds covered the LHB then sea-ice conditions could not be caught exactly. (d) Seismic waveforms and their power spectral densities of the tremors recorded at SYO (18-24 UTC, 22 April, 2015) for both three-component short-period (HES; lower panels) and broadband seismographs (STS-1). Harmonic tremors with donward dipping characteristics in frequency contents were found around 18-19 UTC for all the components of both seismographs. These tremors were considered to be generated by the "collision events" between the icebergs and sea-ices of the Bay.
(red triangles in the figure) during one day on 18 April [19] . Colors of the source location circles correspond the source origin time from the beginning of the day.
These detected events by infrasound analysis appeared to be generated by "crashing movement" between fragnemtation of fast sea-ice and packed sea-ice, in northwestward orientation from the arrays. In addition, five events were located at the edge of continental ice-sheet by the infrasound arrays, which appeared to be International Journal of Geosciences "calving events" of glaciers/ice-streams at a margin of the continent. However, these infrasound events on 18 April could not be detected by SYO seismographs, because of a single station allinment without any array configuration.
22-26 April 2015
In spite of thick clouds covered over LHB on 22 April (Figure 5(c) ), harmonic tremors with downward dipping characteristics of frequency contents were found around 18-19 UTC of the day for all the components of both short-period and broadband seismographs ( Figure 5(d) ). These harmonic tremors were assumed to be originated by "collision events" among the cryosphere en- . These tremors were considered to be generated by "crashing movement" among fragmemtation of fast sea-ice and packed seaice in the Bay.
28-29 April 2015
Several serge type tremors were recognized for all components of both seismographs on 28 April (Figure 7(b) ), in spite of the clouds covered over LHB at the day ( Figure 7(a) ). April, 2015). Long-durating and non-linear harmonic tremors were clearly traced for all components of both seismographs. These harmonic tremors were presumably concidered to be generated by "a kind of collision mechanism within cryosphere" accosiated with fragnemts of fast sea-ice and surrounding packed sea-ice in the Bay. It is noticed that a MODIS image on 29 April was also covered by thick clouds and partial areas of LHB were lacked for the image. A series of non-linear type tremors was simulteneously recognized for both the seismographs. These tremors were concidered to be generated by "crashing movement" between fragnemtation of fast sea-ice and packed sea-ice in the Bay.
Discussion
infrasound data and seismic tremors, there are no confident evidence of their correlation to each other. The harmonic overtones in infrasound data have higher (over 25 Hz) frequency than seismic tremors (less than 10 Hz), moreover, the appearent date/time did not coincident to each other during the days on April 2015. Therefore, the harmonic overtones in infrasound data were considered to had more local origins, presumably relating "katabatic winds" which had been arriving from the continent. Similar discussion about the origin of high-frequency harmonic overtones in infrasound data was given by [22] .
Some of the newly found seismic tremors attribute characteristics of strong International Journal of Geosciences Figure 7 (c)) for horizontal and vertical components of broadband seismographs (STS-1). These harmonic tremors were presumably concidered to be generated by a kind of "collision mechanism" in cryosphere accosiated with fragments of fast sea-ice and the surrounding packed sea-ice in LHB. Figure 8 . Power spectral densities of infrasound data recorded at SYO (one of the array sites; C1; [19] ) during April 2015. High amplitudes in spectral densities were appeared at stormy days. Several non-linear harmonic overtone signals were also identified more than 25 Hz. Details are discussed in the main text.
few minutes to few hours. These tremors occur independently at the arrivals of teleseismic phases, as well as are recorded by both types of seismographs (HES and STS-1) simultaneously. Therefore, the generating sources of the harmonic tremors are assumed to be local or regional origins. Seventeen events were previously determined by a local network deployed at LHB [13] . Majority of the events located along the coast and edge of continental shelf, where is the northern boundary of the fast sea-ice. On the basis of the evidence by this paper, several events could possibly be cryoseismic signals around LHB. As the timeline number of the tremors of the investigated period that including small and weak signal events were considered to be increased when the large storms visit LHB, giving enhancement on oceanic swells energy in Southern Indian Ocean [23] ; followed by the occurrence of crashing phenomenon among the pack ices so as to illuminate the non-linear and weak tremors (as well as infrasound and hydro-acoustic signals) to some extent (for example Figure 5 
Conclusions
In summary, characteristics and statistics of seismic tremors occurring during one month of April 2015 were investigated by using seismographs deployed at Syowa Station (SYO), in LHB, East Antarctica. To examine a relationship between surface environmental changes in particular cryosphere dynamics, the MODIS satellite images were utilized for comparison with the seismic waveforms for each tremor events. Since a large volume of sea-ice was discharged during the International Journal of Geosciences April, together with several large icebergs passed through from the west to the east at northern edge of LHB, it was expected to reveal a relationship between occurrence of the tremors and surrunding environment.
During the month of April 2015, a total number of 49 tremors including short duration ice shocks were identified in both short-period and broadband seismographs. Majority of the events (N = 39) had their duration times more than 15 minutes, which were the experience definition for dividing tremors and ice shocks at SYO. Several kinds of cryosphere source origins for detected seismic tremors were classified (collision, calving, crevassing, crashing, etc.) by the comparison with MODIS satellite images; "crevassing events" along the large cracks inside the fast sea-ice (04 April), "discahrge events" of fast sea-ice in LHB (07 April), "collision events" between the iceberg and the edge of fast sea-ice (14 April), "crashing movement" between fragmentation of fast sea-ice and packed sea-ice (18 April), and the other origins. In particular, strong amplitude tremors with harmonic overtones were assumed to be occurring independently from weather condition, since these overtone tremors were recognized during less stormy days on the basis of infrasound data at SYO.
